Hyperphagia during pregnancy, despite rising concentrations of the satiety hormone leptin, suggests that a state of leptin resistance develops. This study investigated the satiety response and hypothalamic responses to leptin during pregnancy in the mouse. Pregnant (day 13) and nonpregnant mice received an i.p. injection of either leptin or vehicle and then 24-h food intake was measured. Further groups of pregnant and nonpregnant mice were perfused 2 h after leptin or vehicle injections and brains were processed for pSTAT3 and pSTAT5 immunohistochemistry. Leptin treatment significantly decreased food intake in nonpregnant mice. In pregnant mice, however, leptin treatment did not suppress food intake, indicating a state of leptin resistance. In the arcuate nucleus, leptin treatment increased the number of cells positive for pSTAT3, a marker of leptin activity, to a similar degree in both nonpregnant and pregnant mice. In the ventromedial nucleus (VMN), the leptin-induced increase in pSTAT3-positive cell number was significantly reduced in pregnant mice compared to that in nonpregnant mice. In nonpregnant mice, leptin treatment had no effect on the number of pSTAT5-positive cells, suggesting that in this animal model, leptin does not act through STAT5. In pregnant mice, basal levels of pSTAT5 were higher than in nonpregnant mice, and leptin treatment led to a decrease in the number of pSTAT5-positive cells in the hypothalamus. Overall, these results demonstrate that during pregnancy in the mouse, a state of leptin resistance develops, and this is associated with a reduced sensitivity of the VMN to leptin.
Introduction
Pregnancy is characterised by an increase in food intake to meet the energy demands of the growing foetus and also to prepare for the subsequent demands of lactation. The increase in food intake during pregnancy is a very topical issue, stemming from the increasing prevalence of obesity in recent years. Obesity during pregnancy is a serious health issue that increases the risk for obstetric complications and serious congenital abnormalities and can predispose the offspring to childhood obesity (Oken et al. 2007 , Stothard et al. 2009 , Flick et al. 2010 .
Leptin, the hormone product of the ob gene, plays an integral part in the regulation of energy balance. Leptin is secreted in proportion to body fat levels and acts in the hypothalamus to suppress appetite and increase metabolic rate , Halaas et al. 1995 , Pelleymounter et al. 1995 . The effects of leptin are mediated through the leptin receptor (Ob-R), a member of the class I cytokine receptor family (Tartaglia et al. 1995) . Within the hypothalamus, expression of the long form of the Ob-Rz, the only receptor isoform capable of full signal transduction, has been detected in significant amounts in the arcuate nucleus, ventromedial (VMN), dorsomedial and paraventricular hypothalamic nuclei (PVN; Mercer et al. 1996) . While leptin activates many intracellular signal transduction pathways, the most well characterised and essential for the effects of leptin on energy homeostasis involves a JAK/STAT pathway (Bates et al. 2003) . Once leptin binds to its receptor, the receptor-associated JAK proteins become phosphorylated, which in turn leads to the phosphorylation of the Ob-Rz and the creation of binding sites for cytoplasmic STAT. Once bound to the receptor, STAT molecules are phosphorylated, dimers are formed and then translocated to the nucleus where they modify gene transcription. There are currently seven members of the STAT family (Darnell 1997) , and it is well established that in the hypothalamus, leptin acts through STAT3 to suppress food intake (Bates et al. 2003) . There is also some indication that leptin may also signal through STAT5 within the hypothalamus (Gong et al. 2007 , Mutze et al. 2007 , although leptin-induced phosphorylation of STAT5 in the hypothalamus is not observed in all studies (Vaisse et al. 1996 , McCowen et al. 1998 , Rizk et al. 2001 .
As part of the gestational changes in the hormonal environment, leptin concentrations are increased during pregnancy (Gavrilova et al. 1997 , Tomimatsu et al. 1997 , Mistry & Romsos 2002 . The pregnancy-induced increase in food intake and leptin concentrations have led to the hypothesis that the brain becomes insensitive to the satiety actions of leptin during pregnancy. Pregnant rats no longer show a satiety response to an exogenous dose of leptin, supporting the hypothesis that pregnancy is a state of leptin resistance and that this is associated with a decreased ability of leptin to activate the JAK/STAT signalling pathway in the VMN (Ladyman & Grattan 2004 . Given the prevalence of transgenic mouse models in the study of leptin regulation of food intake, the aim of the current study was to examine whether mice develop a state of leptin resistance during pregnancy. Both the satiety response to leptin and ability of leptin to activate JAK/STAT signal transduction in the hypothalamus were used as measures of leptin sensitivity.
Results

Food intake, body weight and leptin concentrations during pregnancy
Daily food intake before, during and after pregnancy is shown in Fig. 1A . Twenty-four-hour food intake in nonpregnant virgin mice averaged 3.7 g. In pregnant mice, food intake increased and was significantly higher than in nonpregnant mice by day 10 of pregnancy. Consumption peaked at days 15 and 16 of pregnancy and dropped significantly the day before parturition. Food intake further increased in early lactation mice to an amount significantly greater than in both nonpregnant and pregnant mice. Body weight steadily increased in pregnant mice and was significantly greater than in nonpregnant mice by day 8 (Fig. 1B ). Following parturition, during early lactation in mice, body weight remained significantly increased compared with virgin mice, although significantly reduced compared with late pregnancy. Leptin concentrations were significantly higher in day 13 pregnant mice compared with nonpregnant mice (2.63G0.7 vs 1.02G0.1 ng/ml, nZ5 per group).
Feeding response to leptin
In the 24 h before fasting, food intake was w25% greater in pregnant mice compared with nonpregnant mice; however, when this is adjusted for body weight, food intake was no longer significantly increased in the pregnant group. Leptin-treated nonpregnant mice showed a significant reduction in 24-h food intake compared with vehicle-treated nonpregnant mice (Fig. 2 ). During pregnancy, leptin treatment did not significantly reduce food intake compared with the vehicle-treated group (Fig. 2) . When food intake was not normalised to body weight, a similar result was observed; nonpregnant mice responded to leptin with reduced food intake while pregnant mice did not. Nonpregnant and pregnant mice ate significantly more following an overnight fast compared with the 24 h before fasting, showing a fasting-induced hyperphagic response. In response to fasting, both nonpregnant and pregnant mice consumed a similar amount (w3 g) more than their normal, nonfasted food consumption level. As nonpregnant mice lost proportionally more body weight during the fasting period compared with pregnant mice, when food intake was normalised to body weight, this gave the impression of a greater post-fasting hyperphagic response. However, in terms of absolute food consumption, the increase in response to fasting was similar in both the groups. , pregnancy (nZ10) and early lactation in mice (nZ7). The duration of pregnancy was 19 days (shaded area) with parturition on day 20. Data bars are absent where data were not collected. *Significant with respect to food intake during the oestrous cycle (P!0.05). **Significant with respect to early pregnancy (P!0.05). ***Significant with respect to virgin and pregnant mice (P!0.05). The dotted line indicates the average levels in the nonpregnant state (a) and in both the nonpregnant and pregnant states (b).
Hypothalamic pSTAT3 expression after leptin treatment
In the arcuate nucleus, leptin treatment significantly increased the number of pSTAT3-positive cells in both nonpregnant and day 13 pregnant mice (Fig. 3 ). The number of leptin-induced pSTAT3-positive cells was similar in both physiological states ( Fig. 3 ). In the VMN, leptin treatment significantly increased the number of pSTAT3-positive cells compared with the vehicle-treated group in both physiological states ( Fig. 3 ). However, in the pregnant group, the number of pSTAT3-positive cells following leptin treatment was significantly reduced compared with the leptin-treated nonpregnant group.
In the PVN, only very low levels of pSTAT3 were observed. In nonpregnant mice, leptin treatment significantly increased the number of pSTAT3-positive cells in the PVN compared with vehicle treatment (9.2G0.8 vs 2G1.2 cells per section). However, leptin treatment did not lead to an increase in the number of pSTAT3-positive cells in the pregnant mice (1.3G0.5 vs 2.7G1.0 cells per section).
Hypothalamic pSTAT5 expression after leptin treatment
Very few pSTAT5-positive cells were observed in the arcuate nucleus, VMN and PVN of vehicle-treated nonpregnant mice, and leptin treatment failed to increase the number of cells positive for pSTAT5 (Figs 4 and 5) . Pregnant vehicle-treated mice had high levels of pSTAT5 in the arcuate nucleus, VMN and PVN regions of the hypothalamus compared with nonpregnant mice (Figs 4 and 5) . Leptin treatment during pregnancy resulted in a significant decrease in the number of cells positive for pSTAT5 in the arcuate nucleus and VMN ( Fig. 4) and also in the PVN (Fig. 5 ).
In the VMN of pregnant mice, the distribution of pSTAT5-and pSTAT3-positive cells was noticeably quite different, with pSTAT5 cells clustered in the lateral regions of the VMN (Fig. 4 ) while pSTAT3 cells were located in the medial portion of this area (Fig. 3 ). In the PVN, only a very low number of pSTAT3-positive cells were detected, while pSTAT5 was more abundant in this area (Fig. 5 ).
Discussion
The maintenance of a successful pregnancy places great demands on the resources of the mother. Changes in appetite and metabolism are a key feature of pregnancy Figure 2 Bars represent the meanGS.E.M. 24-h food intake normalised to body weight in nonpregnant and pregnant mice before fasting and following leptin or vehicle i.p. injection. Injections were given on day 13 of pregnancy or dioestrus, 1 h before the start of the dark phase. **Significant with respect to pre-fasting 24-h food intake in the same group (P!0.05). † Significant with respect to vehicle-treated group of the same physiological state (P!0.05). nZ7-5 per group. Leptin resistance during pregnancy in mammals. These adaptations are required to meet the demands of pregnancy, which are ensuring the growth and development of the foetus, including the deposition of energy stores of the foetus and preparing the maternal body with adequate energy reserves for the subsequent period of lactation. By day 13 of pregnancy, food intake is increased despite rising leptin concentrations, suggesting a state of leptin resistance. Results from this study also demonstrate that during pregnancy in the mouse, i.p. leptin administration does not reduce food intake as it does in nonpregnant mice and that leptininduced phosphorylation of STAT3 is significantly less in the VMN and PVN of pregnant mice compared with nonpregnant mice. These results further support the hypothesis that during pregnancy, a state of leptin resistance develops in the mouse, and this is likely to help the body to overcome the normal feedback constraints of leptin and hence facilitate the increase in food intake and fat deposition during pregnancy. Furthermore, these results extend previous knowledge by demonstrating that during pregnancy in the mouse, specific areas of the hypothalamus show reduced sensitivity to leptin while the arcuate nucleus remains responsive to leptin.
Daily food intake was shown to increase in pregnant mice and was significantly higher than that in nonpregnant mice by day 10 of pregnancy. Leptin has been shown to increase by mid pregnancy in the mouse (Gavrilova et al. 1997 , Tomimatsu et al. 1997 , Mistry & Romsos 2002 , so the high levels of leptin alongside the increased food intake suggest a state of leptin resistance during pregnancy in the mouse. Furthermore, in ob/ob mice, which lack endogenous leptin but have undergone daily leptin treatment to restore reproductive function, these daily injections of leptin do not prevent pregnancyinduced hyperphagia, also suggesting that a state of leptin resistance develops (Mounzih et al. 1998 ). The results from the current study demonstrating the inability of exogenous leptin to decrease 24-h food intake during pregnancy further supports this hypothesis. However, it is not clear whether pregnancy-induced leptin resistance is due to central or peripheral leptin resistance or both.
During pregnancy in the mouse, it has been suggested that leptin access into the brain is impaired due to an increase in leptin-binding proteins in the blood (Gavrilova et al. 1997) . Further support for this hypothesis comes from the report that food intake is decreased in pregnant mice following central administration of leptin (Mistry & Romsos 2002) . In the current experiment, the fact that the arcuate nucleus presents normal leptin-induced STAT3 phosphorylation during pregnancy suggests that transport into the brain is not significantly compromised. The underlying cause of the decrease in leptin-induced STAT3 phosphorylation in the VMN and PVN is unknown but could include decreases in the Ob-Rz, as has been demonstrated in the VMN in pregnant rats (Ladyman & Grattan 2005) or increases in inhibitory molecules of the JAK/STAT pathway such as SOCS or PTP1B, which have been seen in diet-induced (Bjorbaek et al. 1998 , Munzberg et al. 2004 , White et al. 2009 ) or age-induced leptin-resistant animals (Peralta et al. 2002 , Morrison et al. 2007 .
Alternatively, it could be concluded that leptininduced phosphorylation of STAT3 in the arcuate nucleus is unchanged during pregnancy because unlike other areas of the hypothalamus, the arcuate nucleus contains leptin-sensitive neurons that project outside the blood-brain barrier (Faouzi et al. 2007) . Therefore, it could be hypothesised that decreased transport of leptin into the brain may not affect leptin signal transduction in the arcuate nucleus to the same degree as other hypothalamic areas. In contrast to the arcuate nucleus, the VMN and PVN had decreased leptin sensitivity during pregnancy, and these areas would be predicted to be more vulnerable to impaired accessibility of leptin into the brain (Munzberg 2008) . However, only a subpopulation of leptin-responsive arcuate nucleus neurons have direct contacts with circulating concentrations of leptin (Faouzi et al. 2007) , and hence, these cannot account for all the leptin-responsive cells in the arcuate nucleus observed during pregnancy. It is possible that there are both peripheral and central components in pregnancy-induced leptin resistance in the mouse. While leptin-induced pSTAT3 was normal in the arcuate nucleus during pregnancy, it is possible that pregnancyinduced leptin resistance in this nucleus could involve impairments in alternative intracellular signalling pathways or later events in the JAK/STAT signalling pathway, or pathways downstream of first-order leptinresponsive neurons. For example, in the pregnant rat, leptin resistance is associated with relatively normal leptin sensitivity in the arcuate nucleus (Ladyman & Grattan 2005) , but an inability of the melanocortin system, a downstream neural pathway of arcuate nucleus first-order leptin-responsive neurons, to decrease food intake (Ladyman et al. 2009 ).
The immunohistochemistry results for leptin-induced pSTAT3 suggest a central component of leptin resistance during pregnancy in the mouse; however, previously, it has been shown that pregnant mice are able to respond to i.c.v. leptin administration with a decrease in food intake (Mistry & Romsos 2002) . One explanation for this is the doses used in the different studies. The i.p. leptin dose used to examine the sensitivity of first-order leptinresponsive neurons was a sub-threshold dose in terms of the effect on food intake while the i.c.v. dose used previously (Mistry & Romsos 2002 ) was a high dose that has been shown to maximally decrease food intake (Mistry et al. 1997) . Therefore, this large dose may mask any possible changes in sensitivity. Alternatively, it is possible that the different states of fasting during pregnancy lead to changes in the sensitivity to leptin. In the current study, mice were fasted overnight and all experienced a post-fasting hyperphagia, while in the experiment by Mistry & Romsos (2002) , mice were only fasted for 4 h and it is unknown whether they exhibited a post-fasting hyperphagia. It is possible that under the increased metabolic stress, fasting pregnant mice may become less sensitive than nonfasting pregnant mice to any suppression of appetite by leptin in an attempt to protect their state of positive energy.
As well as STAT3, leptin-induced phosphorylation of STAT5 was investigated in pregnant mice. There are conflicting data as to whether leptin treatment leads to the phosphorylation of STAT5 in the hypothalamus and hence whether this molecule is involved in hypothalamic leptin signal transduction (Vaisse et al. 1996 , McCowen et al. 1998 , Rizk et al. 2001 , Gong et al. 2007 , Mutze et al. 2007 . Using immunohistochemistry to detect phosphorylated STAT5, there was no difference in the number of pSTAT5-positive cells in the VMN, arcuate nucleus or PVN in vehicle-and leptin-treated nonpregnant mice. Therefore, in this animal model, it appears that leptin does not signal through STAT5 in these hypothalamic areas. In contrast to the low levels of pSTAT5 in the hypothalamus of dioestrous mice, much higher levels of pSTAT5 were observed in the hypothalamus during pregnancy. Within the hypothalamus, phosphorylation of STAT5 is induced by prolactin (Brown et al. 2010 ) and GH (Bennett et al. 2005) . Placental lactogen, which is very closely related to prolactin, is high during pregnancy (Soares et al. 1991 , Grattan 2001 ) and the high levels of this hormone are likely to account for the high pSTAT5 levels during pregnancy.
Interestingly, in the pregnant mice, leptin treatment led to a decrease in the number of pSTAT5-positive cells in the arcuate nucleus, VMN and PVN. The mechanism Leptin resistance during pregnancy 87 www.reproduction-online.org underlying this unexpected reduction and the functional outcome of this decrease are unknown. One hypothesis is that as both prolactin and leptin signal via JAK/STAT signalling pathways, the leptin treatment activates potential negative regulators of the JAK/STAT signalling cascade, such as SOCS proteins, which then inhibit phosphorylation of STAT5. However, evidence would suggest that this is unlikely. First, in cultured cells, it has been shown that high doses of leptin have no effect on the ability of prolactin to induce pSTAT5 phosphorylation (Roy et al. 2007 ). Secondly, this interaction would require leptin and prolactin to act on the same cells and this is yet to be demonstrated. While double-label immunohistochemistry for pSTAT3 and pSTAT5 has not been carried out, the patterns of staining in the singlelabel immunohistochemistry observed in the current study and previous examples (Ladyman et al. 2010) suggest that there is little overlap in the leptin-responsive and prolactin-responsive neurons. Thus, it seems unlikely that action on the prolactin-responsive neurons is directly causing the reduction in pSTAT5 after leptin treatment during pregnancy. It is also unlikely that leptin treatment directly leads to a decrease in placental lactogen concentrations as in vitro studies have shown that leptin has no effect on the secretion of placental lactogen from the placenta (Coya et al. 2006 , Fuglsang et al. 2008 . Both leptin and prolactin are thought to enter the brain by active, saturable transport mechanisms, and it is tempting to speculate about possible competition between leptin and prolactin for entry into the brain. There is currently insufficient knowledge about the transport of these hormones into the brain to support this hypothesis. Whatever the mechanism of leptin-induced reductions in the phosphorylation of STAT5, they appear to be specific to pregnancy. The decrease in pSTAT5 following leptin treatment during pregnancy is quite an unexpected result and warrants further investigation.
In conclusion, the current study demonstrates that in the mouse, a state of leptin resistance develops during pregnancy and that this is associated with a reduction in the ability of leptin to phosphorylate STAT3 in the VMN and the PVN. This may be caused by impaired access of leptin into the CNS or central mechanisms such as a reduction of Ob-Rs similar to what is observed in the rat (Ladyman & Grattan 2005) . At this time, the sensitivity of the arcuate nucleus was unaffected in terms of leptininduced pSTAT3, and given the importance of the arcuate nucleus in the satiety effects of leptin, this suggests a possible downstream, a central component in the mechanisms underlying leptin resistance. Interestingly, these results are different to leptin-resistant obese mice that show an impaired pSTAT3 response to leptin specifically in the arcuate nucleus (Munzberg et al. 2004 ), suggesting different mechanisms underlying pregnancy-induced leptin resistance and leptin resistance observed during obesity (Ladyman 2007) .
The results from this study also show an inability of leptin treatment to phosphorylate STAT5 in the hypothalamus and a novel role for leptin to decrease hypothalamic pSTAT5 specifically during pregnancy.
Materials and Methods
Animals
Adult female C57BL/6J mice (age 7-9 weeks, weighing 17-20 g) were obtained from the University of Otago's colony at the Taieri Resource Unit. Mice were individually housed in a temperature-and lighting-controlled environment (22G1 8C, 12 h light:12 h darkness) and allowed access to food and water ad libitum except during fasting when only water was available. For the nonpregnant mice, the oestrous cycle was monitored by daily cytological examinations of vaginal smears. To generate timed pregnancies, female mice were paired with a male until pregnancy was confirmed by the presence of a mucous plug in the morning following mating (day 1 of pregnancy). The day of parturition was considered as day 1 of lactation. All experimental protocols were approved by the University of Otago Animal Ethics Committee.
Food, leptin and body weight measurements during pregnancy
Daily food intake and body weight were measured in female mice (nZ12) for 15 days before mating and for the duration of pregnancy. Two mice did not become pregnant, and hence, data were only collected from ten mice from conception onwards. Food intake was not measured on the day of mating due to the presence of male mice nor was it measured on the day of parturition or the following day to avoid interfering with the establishment of maternal behaviour. Another group of mice was killed on either dioestrus (nZ5) or day 13 of pregnancy (nZ5), and truck blood was collected. Leptin concentrations were measured in plasma samples using a commercially available ELISA kit (Mouse leptin ELISA Kit no. EZML-82K; Millipore Corporation, Billerica, MA, USA).
Feeding response to leptin
The feeding response to i.p. leptin administration was determined in nonpregnant (dioestrous) and mid pregnant (day 13) mice. For all animals, 24-h food intake was monitored for 3 days before the beginning of the experiment to ensure normal food intake levels. On day 12 of pregnancy or metoestrus, mice were fasted overnight. Fasting was necessary for this experiment to ensure that all the groups had equivalent low endogenous leptin concentrations at the time of leptin injection. After fasting, half of the mice were randomly selected to receive a 0.2 ml injection of recombinant mouse leptin (10 mg/kg BW, leptin obtained from the National Hormone and Peptide Program (NHPP), NIDDK and Dr Parlow), diluted in saline, and the remaining animals received the same amount of vehicle (saline). Preliminary data indicated that a higher dose was required to see a significant decrease in 24-h food intake following a single i.p. leptin injection compared with the phosphorylation of hypothalamic STAT3 by leptin. Preweighed food pellets were returned at the time of injection and food intake was measured 24 h later.
Leptin-induced signal transduction during pregnancy
On day 12 of pregnancy or metoestrus for the nonpregnant mice, 1 h before the dark phase, food was removed from the cages and mice were fasted overnight. After fasting for w16 h, all the mice received an i.p. injection of leptin (1 mg/kg BW) or vehicle (saline). Two hours after injections, mice were anaesthetised with a single i.p. injection of pentobarbital 30 mg/ml and intracardically perfused with cold 4% paraformaldehyde in 0.1 M phosphate buffer (4 8C, pH 7.3). The brains were removed and post-fixed using the same fixative overnight at 4 8C and then soaked in sucrose solution (30% sucrose in 0.1 M phosphate buffer) at 4 8C until the brains had sunk. Coronal sections (30 mm) were cut on a microtome (K20 8C) through the hypothalamus and collected in three series, each containing sections w90 mm apart. Sections were stored in cryoprotectant at K20 8C until further processing.
Immunohistochemistry
One series of sections from the hypothalamus was processed for immunohistochemistry using a pSTAT3-specific antibody (#9145 Cell Signaling Technology, Inc., Beverly, MA, USA). After removal from cryoprotection, sections were washed three times in TBS/0.1% Tween 20. Sections were then incubated for 15 min in sub-boiling 1 mM EDTA (pH 8.0) and then incubated at room temperature in 0.3% H 2 O 2 for 10 min to block endogenous peroxidases. Following this, sections were then incubated in blocking buffer (TBS/0.1% Tween 20, 3% BSA and 3% normal goat serum) at room temperature for 1 h and then incubated overnight at 4 8C in blocking solution containing the pSTAT3 antibody (1:1000 dilution). The next day, the sections were incubated in a biotinylated secondary goat anti-rabbit antibody for 1 h at room temperature (1:1000 diluted in blocking solution without BSA) and then with an avidin-biotin-peroxidase complex (Vectastain Elite ABC kit; Vector Laboratories, Peterborough, UK) for 1 h. The peroxidase signal was visualised using 3,3 0 -diaminobenzidine (nickel-intensified substrate kit from Vector Laboratories). This reaction was stopped by three 10-min incubations in TBS. Sections were mounted on gelatin-coated slides and, once dry, slides were dehydrated through an alcohol series ending with two 20-min xylene incubations. Slides were coverslipped with DPX.
Immunohistochemistry using a pSTAT5 (pSTAT5 Tyr 694; Cell Signaling Technology, 1:500 dilution)-specific antibody was performed on a second series of sections as described previously (Brown et al. 2010) . Sections underwent an antigen retrieval step consisting of incubation in 0.01 M Tris-HCl (pH 10) at 90 8C for 5 min. The primary antibody incubation was carried out at 4 8C for w72 h and the secondary antibody (biotinylated goat anti-rabbit, 1:200 dilution; Vector Labs) incubation was at RT for 90 min.
Immunohistochemistry analysis
For the immunohistochemistry analysis, at least four sections per area from each animal were counted, and all analysis was performed blind to treatment group. The sections were photographed using an Olympus BX51 research microscope (10! objective) and an attached digital camera. The areas of interest (arcuate nucleus, VMN and PVN) were defined using the mouse brain atlas (Paxinos & Franklin 2004) . In each area of interest, the total number of positively stained cells within defined boundaries on both sides of the ventricle was counted using the particle-counting function in Image J software (NIH) as described previously (Ladyman & Grattan 2005) . Data are presented as the mean number of pSTAT3-or pSTAT5-positive nuclei per section in each group GS.E.M. to show the mean levels of staining in each of the areas of interest.
Statistical analysis
For daily food intake and body weight, differences between groups and day were analysed by repeated measures ANOVA. Leptin concentrations were analysed by Student's t-test. For all other experiments, differences between groups were analysed by two-way ANOVA. Where appropriate, ANOVA tests were followed by Bonferroni's Multiple Comparison post hoc test. For all the data analysed, the significance level was set at P value !0.05.
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